The synthesis, characterization and kinetics of the oxygen reduction reaction (ORR) of a Pt monolayer shell on Pd(hollow), or Pd-Au(hollow) core electrocatalysts are reported. Comparisons between the ORR catalytic activity of the electrocatalysts with hollow cores and those of Pt solid and Pt hollow nanoparticles were obtained using the rotating disk electrode technique. Hollow nanoparticles were made using Ni or Cu nanoparticles as sacrificial templates. The Pt ORR specific and mass activities of the electrocatalysts with hollow cores were found to be considerably higher than those of the electrocatalysts with solid cores. This enhanced Pt activity is attributed to the smooth surface morphology and hollow-induced lattice contraction. In addition, the hollow particles have a mass-saving geometry.
INTRODUCTION
The rapidly increasing demand for fossil fuels used in transportation and power generation, and their detrimental environmental effects, have resulted in a wide-spread challenge for the development of renewable energy technologies. Fuel cells are one of the most promising clean energy technologies, particularly attractive for automobile applications, due to their high efficiency, high energy density, and low or zero emissions. The most challenging problem of their application is the slow kinetics of oxygen reduction reaction (ORR) at fuel cell Pt MONOLAYER SHELL ON HOLLOW PD CORE ELECTROCATALYSTS 1985 binding energy. In this paper, how the oxygen binding energy could be modified using a Pd hollow core is explored. The results are compared with those obtained with hollow Pt nanoparticles in order to elucidate the geometric and electronic interactions between the Pt ML shell and the Pd core.
EXPERIMENTAL
Pt and Pd-Au hollow nanoparticles were obtained using Ni as a sacrificial template. First, a thin-film carbon electrode was prepared by pipetting a 15-μL aliquot of a 1 mg mL -1 aqueous suspension of carbon powder (Vulcan 72C) onto a polished glassy carbon surface of a rotating disk electrode (5 mm diameter, 0.196 cm 2 , Pine Instrument). Then, the as-prepared thin-film electrode was immersed in a deaerated solution of 0.1 M NiSO 4 and 0.5 M H 3 BO 3 , and Ni nanoparticles were created on the carbon support by application of a double potential pulse, typically about 0.4 s at -1.4 V and 20 s at -0.8 V (vs. Ag/AgCl, 3 M NaCl). Once the open-circuit potential of the electrode had stabilized, it was transferred into deaerated (0.05-1 mM) K 2 PtCl 4 (for Pt hollow) or 0.5 mM Pd(NH 3 ) 4 Cl 2 + xHAuCl 4 (for Pd-Au hollow) solutions without exposure to air, whereby the galvanic replacement of Ni by Pt or Pd and Au occurred. After 3-30 min, electrode was rinsed with water, to eliminate residual metal ions, and cycled (for about 20 cycles) from 0.05 to 1.2 V vs. the reversible hydrogen electrode (RHE) in a deaerated 0.1 M HClO 4 solution to facilitate the complete removal of the Ni atoms. The hollow Pd-Au nanoparticles were prepared with Pd-to-Au concentration ratios of 20:1 and 10:1 in the precursor solutions. They are denoted as Pd 20 Au(h)/C and Pd 10 Au(h)/C, respectively. The hollow Pt nanoparticles are denoted as Pt(h)/C. The Pt ML was placed on the hollow Pd-Au nanoparticles using galvanic replacement of an underpotentially deposited Cu monolayer, as previously reported. 7, 14 The experimental set-up was described elsewhere. 15 These samples are designated as Pt ML /Pd 20 Au(h)/C and Pt ML /Pd 10 Au(h)/C respectively. The solid Pt (Pt(s)/C) and Pd (Pd(s)/C) nanoparticle samples were carbon-supported Pt (45 wt. %) and Pd (10 wt. %), respectively.
For large-scale synthesis, the carbon-supported hollow Pd nanoparticles (Pd(h)/C) were prepared by a two-step synthesis method. In the first step, Cu nanoparticles were prepared by slowly adding NaBH 4 into the mixture of carbon (Vulcan X72), CuCl 2 , and Na-citrate. In the second step, Pd(NH 3 ) 4 Cl 2 was added, thus forming Pd hollow nanoparticles by galvanic displacement of Cu with Pd. The procedure for one batch-synthesis of 650 mg of the Pt ML / /Pd(h)/C catalyst was described elsewhere. 16 All the electrochemical treatments and measurements were performed with a Voltalab PGZ402 potentiostat (Radiometer Analytical) at room temperature. The electrolyte was 0.1 M HClO 4 solution. An Ag/AgCl (3 M NaCl) electrode was used as the reference electrode and a Pt flag was used as the counter electrode. All the potentials are given with respect to a RHE. The electrochemical surface area (ESA) was calculated using the integrated hydrogen desorption charges from cyclic voltammetry (CV) curves assuming 0.21 mC cm -2 . 17 Kinetic currents at 0.9 V were calculated from the ORR polarization curves using j k = j/(1-j/j L ), where j is the measured current at 0.9 V and j L is the diffusion-limited current below 0.5 V. The obtained kinetic current was further normalized to ESA and Pt mass to calculate Pt specific (SA) and mass activities (MA), respectively. The currents in the voltamograms were normalized to the geometric electrode surface area.
Transmission electron microscope (TEM) imaging was realized using a JEOL 3000F TEM operating at 300 kV equipped with Gatan image filter system. The mass contents of Pd and Pt were determined using inductively coupled plasma mass spectrometry (ICP-MS) measurements. The very small amount of Au could not be reliably determined by ICP-MS and was estimated using the measured Pd mass and the atomic ratio in the mixed Pd-Au solutions. Scanning TEM (STEM) measurements were performed using a Hitachi HD2700C microscope equipped with a cold field emission electron source and a probe aberration corrector. X-Ray diffraction (XRD) experiments were performed on a Beamline X7B (λ = = 0.3196 Å) of the National Synchrotron Light Source at Brookhaven National Laboratory. Two dimensional powder patterns were collected with a Perkin Elmer image plate detector, and the diffraction rings were integrated using the FIT2D code. The fitted parameters (lattice constant and particle size) were obtained through a Rietveld refinement. Lanthanum hexaboride (LaB 6 ) was used as the instrumental reference.
RESULTS AND DISCUSSION
As discussed above, hollow Pt, Pd, and Pd-Au nanoparticles were prepared by exposing Ni or Cu nanoparticles to Pt, Pd, or Pd-Au containing solutions. The formation of voids in these nanoparticles was governed by both galvanic replacement and the Kirkendall Effect (vacancy-mediated diffusion mechanism). While galvanic replacement is responsible for displacing Ni (or Cu) with Pt, Pd or Pd-Au and thus creating core-shell structure, due to Kirkendall effect, Ni (Cu) from the core can diffuse through the shell to its surface where it will be replaced with Pt, Pd, or Pd-Au. Due to the different diffusion rates of Ni (Cu) and Pt, Pd, or Pd-Au, vacancies will be generated inside the core-shell nanostructures, and they may coalesce into a single void (hollow) or multiple voids (porous).
Ni nanoparticles were found suitable as templates to facilitate the formation of single-void particles with complete Pt shells. 18 Pt hollow nanoparticle in highresolution STEM images for the samples after electrochemical measurements are displayed in Fig. 1a . The synthetic parameters were varied in order to optimize the ORR activity and durability. The best catalytic activity was found with 3-9 nm hollow spheres with a 1-2 nm thick shell. However, hollow structures were more difficult to form with Pd or Au ions alone when using Ni nanoparticles as sacrificial templates. Lower melting temperature of Au compared to Ni suggests that Ni diffuses slower than Au. Consequently, the voids generated by Ni atoms slowly diffusing out through the Au Pt MONOLAYER SHELL ON HOLLOW PD CORE ELECTROCATALYSTS 1987 shell will be filled by inward faster-diffusing Au atoms before they coalesce into a single void, thus resulting in solid Au particles. In Ni-Pd case, the difference in diffusivity between Ni and Pd is not large enough (the small difference in melting temperatures) to create sufficient vacancies to form Pd hollow nanoparticles.
The addition of Au ions in Pd solutions may mediate the diffusion process and promote the formation of hollow particles. 19 In the Pd-Au mixed solution, since the standard reduction potential of the AuCl 4 − /Au redox couple (1.002 V vs. SHE) is higher than that of the Pd(NH 3 ) 4 2+ /Pd couple (0.902 V vs. SHE), 20 Au ions will be preferentially reduced instead of Pd ions and deposited on the surface of the Ni templates as a thin shell. The imbalance between the outward flux of faster-diffusing Ni-Au atoms and the inward flux of the slower-diffusing Pd atoms will be compensated for by an inward flux of vacancies. The vacancies will then supersaturate and coalesce into a single void. On the shell surface, the Ni atoms that flowed out will spontaneously dissolve because of their lower reduction potential, while the Au atoms will remain intact because of their higher reduction potential. Typical TEM images of a Pt ML /Pd 20 Au(h)/C sample with hollow cores are shown in Fig. 1b . The adding of a small amount of Au to the Pd core only improved the stability of Pd while its interaction with Pt ML was not influenced. 13 Therefore, as long as only the core-Pt ML interaction is considered, Pd-Au can be treated as Pd.
The TEM images confirmed the hollow structure of the Pd nanoparticles prepared by the large-scale synthesis method. They had a narrow size distribution with an average diameter of 5 nm and shell thickness of 1.5 nm (Fig. 1c) .
The effect of the voids in nanoparticles on the ORR activity of the top Pt layer was investigated by recording the ORR polarization curves in oxygenated 0.1 M HClO 4 using the rotating disk electrode technique. The ORR polarization curves for Pt(h) and Pt(s) nanoparticles are shown in Fig. 2a , while the ORR polarization curves for Pt ML /Pd 20 Au(h)/C and Pt ML /Pd(s)/C nanoparticles are presented in Fig. 2b . In both cases, solid and hollow nanoparticles show similar onset and kinetic part of the ORR polarization curve. However, the onset and half-wave potentials are not true measures of ORR activity but only qualitative indicators since they are sensitive to catalyst loading. This could be clearly seen if the respective voltammetry curves of the samples in deaerated 0.1 M HClO 4 are examined, Fig. 3a and b . The H adsorption-desorption charge at low potentials and the OH adsorption-desorption charge at high potentials are both smaller on the hollow than on the solid samples because the catalyst loading of the hollow samples is lower than that of the solid ones. Additionally, the hollow samples have smaller ESA values compared to those of the solid samples, due to their larger average particle size (Table I) .
The correct way to compare the ORR activity of these catalysts is to use the Pt mass and specific activities, which compare the ORR activity of the catalysts to the same reference point, as shown in Table I . The SA and MA values of the hollow samples were higher than those for the solid ones. The ESA per Pt mass (ESA Pt ) is similar for the solid and hollow samples. This means that the enhancement in MA (where MA = SA×ESA Pt ) for hollow samples mainly results from increased SA values. The oxidation of hollow samples was shifted to more positive potentials compared to those of the solid samples (Fig. 3) . This indicates that the Pt-OH interaction became weaker for the hollow particles, causing an increase in their SA. The reduction in the coverage of the oxygen-containing species could be attributed to the smooth (Fig. 1) and void-induced contracted surface of the hollow samples. The binding energy of oxygen was decreased for the hollow samples because the smooth surface possessed high-coordination sites that are less reactive than the low-coordination sites at the edges and defects while the hollowinduced surface contraction down-shifted the d-band center of the Pt top layer, thus making it less reactive. 8 To examine the hollow-induced lattice contraction, X-ray diffraction measurements on hollow and solid nanoparticles were performed. As shown in Fig. 4 , the diffraction peaks shifted to higher angles for the hollow samples compared to those of the solid ones, indicating that a smaller lattice spacing was induced by the hollow cores. As discussed above, in both systems, the enhancement in MA for hollow samples mainly stems from their increased SA. However, the improvement of SA for pure Pt samples is 2.5 times larger than for Pt-Pd samples (Table I ). This could be explained taking into account the mechanical stress state of the top Pt layer on Pt(s)/C and the Pt ML on Pd(s)/C, and that SA enhancement, in these cases, is only due to geometric effects. While top Pt layer on Pt(s) is neither compressed nor expanded (neglecting the effect of the small particles), the Pt ML on Pd(s) is compressed due to the difference in lattice constants between Pt and Pd. Therefore, the top Pt layer on Pt(h) could be compressed more than Pt ML on Pd 20 Au(h)/C. As a result, a larger enhancement in SA for the pure Pt than for the Pt-Pd samples was achieved.
ESA
The durability of the Pt ML /Pd(h)/C catalyst was tested under half-cell conditions. The potential was cycled from 0.6 to 1.0 V in naturally aerated 0.1 M HClO 4 . A comparison of the ORR polarization curves before and after 5,000 cycles is shown in Fig. 5 . The small negative shift of ORR polarization curve after 5,000 cycles indicates good stability. 
CONCLUSIONS
Pt ML on Pd(s) and Pd-Au(h) cores electrocatalysts were synthesized and characterized. Their ORR activities were examined and compared with the ORR activity of Pt(s) and Pt(h) nanoparticles. Hollow nanoparticles were made using Ni or Cu as sacrificial templates. The hollow architecture of Pt and Pd-Au nanoparticles was achieved by the delicate balance between galvanic displacement and the Kirkendall Effect in controlling the reaction kinetics. Since the ESA per Pt mass was similar for the solid and hollow samples, the enhancement in MA for the hollow samples mainly resulted from increased SA values. The increase in SA could be mainly attributed to the void-induced contracted surface of the hollow samples and partially due to the smooth surface morphology of the hollow nanoparticles. The binding energy of oxygen was decreased for the hollow samples because their smooth surface posses high-coordination sites, which are less reac-tive than the low-coordination sites at edges and defects. Additionally, the hollow-induced surface contraction downshifted the d-band center of the Pt top layer, thus making it less reactive. The Pt ML /Pd(h)/C catalyst showed good durability after 5,000 potential cycles from 0.6 to 1.0 V. The hollow-induced lattice contraction provides an alternative route to fine tune the oxygen binding characteristics of surface of the catalysts toward better ORR activities.
